NASA Glenn Research Center is developing a 1.4 MW high-efficiency electric machine for future electrified aircraft. This wound-field, synchronous machine employs a self-cooled, superconducting rotor to achieve excellent specific power and efficiency. This paper presents the progress made over the past year toward a critical design of the superconducting rotor, including refined analysis and risk reduction testing on prototype superconducting coils. A 3D finite element model of the rotor is developed to simulate the combined loading imposed by the initial cool down of the rotor from room temperature to cryogenic temperature and the subsequent rotation of the rotor up to the design speed. The model is evaluated to better predict the stress state in the critical components and the reduction in physical gap between the stator and rotor due to the resulting radial deflections. This model includes an enhanced model of the superconducting coil that considers the coil as an assembly of four individual coil layers. An improved coil fabrication process is described in detail. Two sub-scale test coils are fabricated and then tested under repeated thermal cycling between room temperature and liquid nitrogen temperature (77 K). It is demonstrated that the proposed coil fabrication procedure can produce no-insulation, high temperature superconducting coils that can survive several thermal cycles without apparent degradation.
to 99%) instead of a future electric machine that meets the performance targets established by NASA (13 kW/kg, 96%). For the STARC-ABL revision A analysis, HEMM enabled a 1.5% to 2.5% reduction in fuel burn on top of the reduction that this future electric machine provided (7% to 10% [7] ) [1] . A potentially more impactful benefit of HEMM is that, relative to this future electric machine, it would reduce the electric machines' waste heat by 50% to 75%. This reduction in waste heat would decrease the size and mass of the EAP system's thermal management hardware.
The exceptional specific power and efficiency of the HEMM is primarily achieved by utilizing a slotless stator and a self-cooled, superconducting rotor. A superconducting field winding has a negligible amount of internal energy loss ‖ and can produce magnetic field strengths that greatly exceed those produced by conventional conductors or permanent magnets. However, the use of superconductors introduces a number of challenges. Superconductors must be kept at cryogenic temperatures and the superconducting system must be carefully designed to avoid a loss of superconductivity, which will occur when the temperature, magnetic flux density, or conduction current in the superconductor exceed design limits. Additionally, superconductors are fragile compared to copper and aluminum conductors; superconductors are subject to maximum strain and minimum bend radius constraints, and care must be taken to avoid appreciable shear stresses and transverse tensile stresses. Superconductors are also significantly more expensive than copper and aluminum conductors. Consequently, it is important to conduct analysis and sub-scale testing prior to full-scale implementation to reduce these risks.
This paper discusses the progress made over the past year toward a critical design of the superconducting rotor for the HEMM. Progress was made in two areas: (1) the design was refined by performing a more detailed analysis that eliminated two of the key simplifications used in the preliminary design phase and (2) a collection of thermal cycling tests were performed on prototype coils to reduce the risks associated with thermal stresses. Section II summarizes the overall design of HEMM's superconducting rotor. Section III presents the refined finite element analysis. Section IV describes the test setup and results of the risk reduction testing. Finally, the conclusions are summarized in Section V.
II. Summary of the design of the HEMM's rotor
The preliminary design of the HEMM's superconducting rotor was detailed in [12] and [13] . Figure 1 depicts the current design of the superconducting rotor and Table 1 summarizes the notable characteristics. The design of the superconducting coils' structural containment is unique due to the large number of rotor poles (12) and the desire to maximize the electromagnetic performance. The performance was maximized by minimizing the air gap between the rotor and stator and moving the coils outward toward the surface of the rotor as much as possible. The objective of the field windings on the rotor of an electric machine is to magnetize the stator and generate the largest possible magnetic flux density in and around the stator windings. The HEMM uses superconducting field windings to greatly increase this magnetic excitation for the benefit of increased specific power and efficiency. One of the aforementioned challenges with using superconductors is quench, or a loss of superconductivity as a result of excessive temperature, magnetic flux density, or conduction current in the superconductor. Although this issue is typically mitigated by limiting the applied current to a fraction of the superconducting coil's critical current, quench may still occur due to a number of reasons, such as inaccuracies in the analysis, unexpected heat sources, or transients ‖ Not including the conventional conductors that supply the superconductor with current from room temperature, a superconducting winding only exhibits loss due to the resistive splice joints between superconductor segments and AC losses caused by alternating conduction current and/or alternating external magnetic flux. in the operating state. Consequently, controllers are often used to monitor the state of the coil and rapidly reduce the current when quench is detected. An alternative method of quench protection is to remove the turn-to-turn electrical insulation from the coil [14] . This method provides inherent quench protection by allowing the applied current to flow around a normal (i.e., non-superconducting) region in the superconductor. Other benefits of so-called no-insulation coils include higher engineering current density, better mechanical strength, and resistance to defects in the superconductor. The downside of no-insulation coils is that they exhibit a charging delay (i.e., the magnetic field produced by the coil lags in time behind the applied current). However, this is a minimal concern for the field winding of an electric machine, because the applied current is DC and the time constants of the charging delay are typically small (on the order of seconds or less). Therefore, no-insulation coils were selected for the rotor of the HEMM.
The selected 2nd generation high-temperature superconductor (HTS) is the REBCO (rare-Earth barium copper oxide) material, which is commercially available in long piece lengths that provide sufficient performance at high temperatures (about 77 K and below) and in moderately strong magnetic excitations. The conductor has a rectangular cross-section that permits a very high packing factor of turns within a given volume. The HEMM's rotor coils have a racetrack shape and a cross-sectional geometry that was optimized for maximum magnetic flux density per mass, subject to the superconductor's magnetic flux density limit listed in Table 1 [12] . The coil's cross section, shown in Figure 2 , is composed of four layers, or individual pancake/racetrack coils, that each contain about 230 turns and are electrically connected in series using pieces of the same HTS. The layers are bonded together using a cryogenic epoxy. A thin stainless steel plate with the same planar geometry is bonded between each layer and on top of the coil to provide mechanical support and to axially align the individual turns in each layer. 
III. Refined finite element analysis
This section presents the results of a refined finite element analysis (FEA) of the HEMM's rotor. At the preliminary design stage, a number of simplifications were made to expedite the down selection of candidate designs [12] . Two key simplifications were (a) neglecting the thermally-induced stresses in the superconducting coil and (b) modeling the coil as a single, solid block of copper. In the updated analysis below, these simplifications were removed. A 3D finite element model of the rotor is developed to simulate the combined loading imposed by the initial cool down of the rotor from room temperature to cryogenic temperature and the subsequent rotation of the rotor up to the design speed. The model is evaluated to better predict the stress state in the critical components and the reduction in physical gap between the stator and rotor due to the resulting radial deflections.
An enhanced model of the superconducting coil is included that considers the coil as an assembly of four individual, solid layers separated by thin plates rather than as a single, solid block of copper. Ideally, each turn of the coil would be explicitly modeled with mechanical contact boundary conditions between neighboring turns. However, such a model is computationally impractical and it may be impossible in practice for the solver to converge on a solution. Consequently, each layer of the coil is treated as a solid body having material properties that approximate the collective behavior of the many turns. A transversely isotropic shear modulus is used for each layer to approximate a coil layer's minimal shear stiffness in directions that tend to slide the turns relative to each other. An attempt was made to include a transversely isotropic Young's modulus that depends on the elastic strain such that under compression its value equals the conductor's modulus and under tension it equals the modulus of the cryogenic epoxy. Such a Young's modulus could approximate the mechanical contact between turns without explicitly modeling each turn. A converged solution could not be obtained using this approach. Thus, an isotropic Young's modulus is used here. Table 2 tabulates the mechanical material properties of the HTS coil layers that were used in this analysis.
Table 2 Mechanical material properties of the superconducting coil layers used in this analysis; E, ν, and G denote the Young's moduli, Poisson's ratios, and shear moduli where the 1-direction coincides with the superconductor's out-of-plane direction (i.e., its c-axis)
.
The thermally-induced stresses in the coil and thermal contraction of the rotor are appreciable due to the 230 K decrease in temperature when the HEMM's rotor is cooled down from room temperature to its operating temperature (about 60 K). This thermal contraction of the rotor and the rotor's growth due to centrifugal loading are important for defining the physical gap between the machine's rotor and stator. This behavior was accurately captured by sequentially simulating the cool down and rotation in a commercial multiphysics FEA software. To ensure continuity, the final state from the cool down study was used as the initial state of the rotation study. Sample analysis results are shown below in Fig. 3 and Fig. 4 . Relative to the room temperature geometry of the assembled rotor, the outermost point on the outer surface of the 60 K rotor is deflected 0.25 mm inward toward the rotation axis ( Fig. 3a) . Then, as the cold rotor rotates up to the design speed of 6,800 rpm, its outermost point moves outward by about 0.33 mm to an absolute position of 0.08 mm outward from the rotor's surface at room temperature ( Fig. 3b ). By combining this net radial deflection of the rotor with the maximum expected deflection due to rotational unbalance, the maximum expected assembly tolerance, and a safety factor, the nominal gap between the rotor and stator can be properly sized to prevent contact.
The distribution of thermal stress is shown in Fig. 4a . Thermal stresses are low throughout most of the rotor. Due to the assumed bonding between the separating plates and coil layers and the mismatch in thermal contraction between the two materials, the thermal stress in the separating plates is moderate. For the same reason and due to its anisotropic thermal contraction, the thermal stress in the superconducting coil layers is also moderate, although primarily just in the end turns. Stresses due to centrifugal forces are considerably larger, although they are primarily contained to the titanium structural components, as desired. Table 3 compares the maximum von Mises stress in each component as calculated by an earlier FEA model that only included rotation and the improved FEA model that considers the initial cool down and subsequent rotation. Minimal differences are observed between the two models in terms of maximum von Mises stress. However, the improved model captures the increased peak stress and distribution of stress in the end turns that results from the thermal forces. The original model also greatly overpredicts the outward radial displacement of the outermost point on the rotor's surface under centrifugal loading (original model: 0.32 mm; improved model: 0.08 mm).
The dovetail retainers' maximum von Mises stress exceeds the material's yield strength. Previous analysis of a very similar design indicated a positive margin of safety when a 1.5 factor of safety is applied. In the present analysis, this peak stress is highly localized at the sharp ends of the dovetail (on the part's axial face) where it contacts the back iron, as shown in Fig. 5 . It is thought that the previous analysis missed this stress due to insufficient mesh refinement at that location and a less accurate contact pressure distribution over the entire contact between the dovetail retainer and the back iron. This excessive stress will be addressed before the critical design is finalized. It is expected that rounding the sharp edge will eliminate the stress concentration, enable a more accurate contact solution, and bring the peak stress down to the level observed away from the sharp edge (about 800 MPa). Due to the anisotropic geometry and mechanical properties of the high temperature superconductor, it can be misleading to only consider the von Mises stress in the coil. Consequently, the stress components are tabulated in Table 4 for the operating points where the rotor has cool down to 60 K and where the cold (60 K) rotor is spun up to full speed. A failure limit is not known for many of the stress components at either cryogenic temperatures or room temperature. However, the tensile strength of the conductor is well known, and it is known that the failure strength is very low for stresses that tend to separate the superconductor film from its substrate. All of the stress components seem to be sufficiently low, although a more thorough evaluation is warranted for the tensile σ 22 at both operating conditions, the tensile σ 33 at full speed, and the σ 12 at full speed.
IV. Risk reduction testing
This section presents the progress made in reducing the risks that the full-scale HEMM prototype will fail or be limited in performance by a problem with the superconducting rotor. These risks are described in [11] .
Although they were suggested only recently, a number of papers have reported the fabrication and critical current testing of no-insulation coils [13, 14, 16, 17] . However, no-insulation coils have not been used in the rotor of an electric machine. The presence of significant centrifugal forces in the rotor of aircraft electric machines complicates the design of the no-insulation coil and its mechanical support structure. Also, nearly all no-insulation HTS coils are cooled by liquid cryogen and have a simple circular geometry. The superconducting coils in the HEMM are conductively cooled and have a racetrack geometry that complicates the thermal stress environment. Combined, these aspects pose a significant challenge for realizing the quench protection benefit of the no-insulation approach (i.e., for maintaining adequate contact between the turns of the coil) and maintaining the integrity of the conductor. Considering the high cost of superconductors, it is therefore critically important to fabricate prototype coils and conduct risk reduction testing, starting with small, simple coils then advancing to full-scale, full-complexity coils.
Table 4 Range of stresses (in units of MPa) in the superconducting coil after cool down to 60 K and after cold spin up to 6,800 rpm; the 1-, 2-, and 3-directions correspond to the superconductor's length direction (a-axis), b-axis, and c-axis, respectively.

Stress
To reduce the risk that the HEMM's superconducting coils will be damaged by thermal stresses, a series of thermal cycling tests have been conducted on multiple sub-scale test coils. Prior work by the authors [13] discussed the coil fabrication and testing procedures and presented initial measurements of how two small, single-layer coils responded to repeated thermal cycling between room temperature and liquid nitrogen temperature (77 K). Here, that work is expanded by describing an improved coil fabrication procedure and by presenting thermal cycling measurements of two new sub-scale coils that have nearly all of the features of the full-scale HEMM coils.
A. Improved coil fabrication procedure
After winding multiple sub-scale HTS coils using the authors' original coil fabrication process [13] , the process was found to have a few deficiencies. The primary issue was that the geometry of the coils' end turns considerably deviated from the design; this resulted from the coil former's insufficient stiffness in some locations and the build up of a small amount of slack in the coil while winding. Another problem was that the finished coils had an excessive amount of epoxy where it was not desired (on the radially outer and inner faces); this was caused by a lack of accessibility to those faces and the need to avoid removing epoxy from where it is needed to hold the turns in place (the axial faces of the coil). Finally, the current terminals were unrealistic, and the superconducting current leads were used in the test setup but they aren't a part of the design.
The improved coil fabrication process described below and depicted in Figure 6 resolved the aforementioned deficiencies. First the end of the superconductor was bent and then inserted into a slot in the coil former to secure it in place (image 1). The entire coil fabrication fixture was then rotated to wind the desired number of turns onto the coil former; during this step, the superconductor was gently cleaned with alcohol as it was pulled off of its spool. The winding tension was controlled by a pneumatic tensioner (not depicted). Care was taken to maintain a constant pull in the fixture's rotation direction to minimize the amount of slack in the winding. Relative to the prior procedure, the coil former is significantly stiffer in the end turn area, particularly where the slot is, and much more of the coil's top surface and edges are exposed and accessible. Periodically while winding, the turns were gently pushed down onto the fixture's base to align them in the axial direction (image 2). Once the desired number of turns were wound, side clamps were inserted, pressed toward the rotation axis, and screwed in place to apply mild pressure on the straight sides of the racetrack (image 3). A moderate amount of cryogenic epoxy was then carefully applied onto only the exposed, top surface of the coil (image 4). A 0.254 mm thick stainless steel plate shaped like the coil was placed on top of the epoxy and pressed down to squeeze out any excess epoxy and eliminate any gap between the plate and coil. The excess epoxy was then removed from the radially outer and inner faces (image 5). Although it was added to provide mechanical support (to prevent turns from shifting), the plate was found to considerably ease the task of removing excess epoxy without having to worry about removing too much epoxy from the coil's top face where it holds the turns together. A mass was then placed on top of a coil-shaped cap that applied pressure only to the top face of the coil (image 6). The coil was again cleaned to remove any remaining excess epoxy. Then the epoxy was allowed to cure for 24 hours at room temperature. This process was repeated to produce the desired number of coil layers. The winding orientation of adjacent layers must be opposite to produce the required flow of current through the coil. Thus, half of the coils were wound in the opposite fixture rotation direction using a coil former that is a mirror of the one depicted in image 1. The coil layers were then placed on a separate fixture that aligned them to each other, provided access to the layer-to-layer jumper locations, and guides for correctly positioning the jumpers (image 7). Non-pre-tinned superconducting jumpers were then soldered onto the coil using a low melting temperature ribbon solder (52In 48Sn). The excess superconductor extending from the outside of each layer was then carefully cut off. A copper current lead was soldered into each copper current terminal using higher melting temperature solder (96.5Sn 3Ag 0.5Cu). The terminals were then soldered onto the coil using the same low melting temperature ribbon solder. The coil was completed by soldering on voltage taps using low melting temperature solder. A completed 4-layer sub-scale coil is shown in image 8 of Figure 6 .
Multiple 2-layer and 4-layer sub-scale coils were fabricated using this improved process. Figure 7 depicts one of these 4-layer coils along with a 2-layer coil that was fabricated using the original procedure. The section that follows presents thermal cycling data for both of these coils. 
B. Thermal cycling tests
The primary performance metrics of a superconducting coil are the critical current I c and n-value n, which respectively quantify the limit of direct current that the coil can carry before the coil becomes non-superconducting and the exponent describing how quickly the coil's voltage increases with direct current. In the absence of thermal runaway, the n-value depends on the level of uniformity in the superconductor. Therefore, these two performance metrics can be tracked to infer the health of the coil during thermal cycling. The critical current and n-value of the two coils shown in Figure 7 were measured at 77 K and self field * * using the test rig depicted in Fig. 8 . The key components of the rig are a dewar filled with liquid nitrogen, a linear amplifier capable of up to 120 A DC current, and a 6.5 digit multimeter. During a test, the DC current was slowly stepped up in small increments and a measurement was recorded at each step after holding the current long enough for the reading to stabilize. This hold duration was more than sufficient to overcome the charging delay of the uninsulated coil [18] , which was < 1 s. The voltage taps are located about 10 cm away from each current lead to ensure that the measured current-transfer voltage at the critical current is less than 0.01% of the expected voltage at the critical current (based on 1 μV/cm electric field criteria) [19] . As shown in Fig. 8 , each coil was mounted to a G10 plate that was suspended in the liquid nitrogen.
The testing procedure was the same as described in [13] except in the following ways. Here, the coils were given several minutes more time to warm up and were also given five minutes to cool down. Also, each coil was very slowly lowered into the liquid nitrogen bath instead of an abrupt dunk, which was determined to be overly aggressive. Lastly, the 6.5 digit multimeter was set to 100 averages to improve the measurement and provide a resolution of 0.1 μV.
Fig. 8 NASA Glenn Research Center's high temperature superconducting coil test rig.
An electric field criteria (1 μV/cm) was used to define the critical current. The critical current and n-value of each curve was calculated by fitting the following function to the data using an unconstrained minimization algorithm,
where V c is the expected voltage at the critical current, which was calculated from the electric field criteria and the length of superconductor in the coil that is electrically located between the voltage taps. The change in the superconducting properties of each coil throughout thermal cycling is shown in Figure 9 .
The critical current and n-value of each coil exhibit noticeable variation, but the variation is limited to a small range (less than about 1.5 A and about 3) and there is no apparent downward trend. Compared to the critical current, the variation in n-value is a considerably larger percentage of its average value. However, that metric is more sensitive to small errors in the data. A significant drop in the performance metrics of the 4-layer coil was observed after the eleventh thermal cycle, which indicated that damage had occurred between cycles nine and eleven. While obtaining a measurement after thirteen cycles, a current terminal de-bonded from the 4-layer coil. The terminal was soldered back onto the 4-layer coil after it was removed from the dewar and allowed to reach room temperature. The thermal cycling test was then continued for 5 more cycles. It can be seen that the superconducting performance of the 4-layer coil returned to its original level. This indicates that the drop in performance after cycle eleven was temporary and caused by a compromised electrical connection between the coil and a current terminal, rather than damage to the superconductor. This highlights the need to improve the quality and consistency of the solder joint between these two parts. In future coils, this solder joint will be created using an improved fixture that provides consistent pressure on the parts throughout the soldering process.
V. Conclusions
This paper presented the progress made over the past year toward a critical design of the superconducting rotor for NASA's high-efficiency megawatt motor (HEMM). Progress was made in both design and risk reduction testing. The design was refined by performing a more detailed analysis that eliminated two of the key simplifications used in the preliminary design phase. To approximate the assembled nature of the superconducting coils, the coil was modeled as an assembly of four individual, solid layer separated by thin plates rather than as a single, solid block of copper. To capture the thermally-induced stresses in the coil, a finite element simulation was conducted to solve for the rotor's thermal contraction due to a uniform cool down from room temperature to 60 K. The results of this simulation were used as the initial state of a structural simulation that applied the centrifugal loading. In this manner, the combined thermal and mechanical stress state of the rotor was evaluated. The original model was found to calculate the maximum von Mises stress in each component with sufficient accuracy. However, the improved thermal-structural model much more accurately captures the absolute deflection of the components and the stress in the end turns of the superconducting coil. Except for the dovetail retainer, the maximum von Mises stress in each component was found to be sufficiently below the failure strength of the respective materials. The design of the dovetail retainer needs to be iterated by adding a fillet to eliminate a stress concentration. This simulation was also used to study the radial contraction of the rotor during cool down and subsequent radial expansion during a spin up to full speed. At operating temperature and full speed, the absolute radial position of the outermost point on the rotor was found to be 0.08 mm outward from the rotor's surface at room temperature. This result is important for properly sizing the air gap between the rotor and stator to ensure non-contact operation. A collection of thermal cycling tests were performed on prototype coils to reduce the risks associated with thermal stresses. An improved coil fabrication procedure was described and depicted in detail. The improved procedure was used to fabricate several sub-scale coil. The response of two sub-scale coils to repeated thermal cycling between room temperature and liquid nitrogen temperature (77 K) was measured and presented. One coil was a 2-layer coil fabricated using the original coil fabrication procedure, whereas the other was a 4-layer coil fabricated using the improved procedure. The results highlighted the need to improve the repeatability of the solder joint between the current terminals and superconductor. Except for that issue, the data demonstrate that the proposed coil fabrication procedure can produce no-insulation, high temperature superconducting coils that can survive up to eighteen thermal cycles without apparent degradation.
